The emission spectra of the a 1 D(a2) r X 2 1 transitions of BiCl, BiBr, and BiI have been observed in the near-infrared spectral region near 2 mm. The bismuth halide radicals were generated and excited in a fast-flow system by reaction of bismuth vapor (Bi x ) with the halides and microwave-discharged oxygen. The NIR chemiluminescence was measured with a Fourier-transform spectrometer equipped with Ge and InSb detectors. The spectra contain the D£ Å /2, /1, 0, 01, and 02 sequences of the X 2 1 r X 1 0 / and the D£ Å 0 sequences of the a2 r X 2 1 transitions of the radicals. Vibrational analyses have yielded improved molecular constants for the X 1 0 / and X 2 1 ground state components and the following constants of the a2 states of the three radicals (in cm
INTRODUCTION
ied with a Fourier-transform spectrometer equipped with sensitive Ge and InSb detectors. Besides the D£ Å /2, /1, 0, 01, The bismuth monohalide radicals (BiX, X Å F, Cl, Br, and 02 sequences of the X 2 1 r X 1 0 / systems, new series of I) belong to the molecules with X 3 S 0 ground states and blue-degraded bands were observed for BiCl, BiBr, and BiI low-lying, metastable a 1 D and b 1 S / excited states. between 4600 and 5100 cm
01
. The bands are assigned to the Whereas the ground states and the b 1 S / states are well D£ Å 0 transitions of the a2 r X 2 1 systems. Vibrational analyknown for all 20 group V halides (1, 2) , the a 1 D states ses have yielded first spectroscopic constants of the a2 and have been observed only for seven of the molecules (NF improved data for the X 1 0 / and X 2 1 states. (1), NCl (3), NBr (3), PF (1), AsF (1), SbF (1) , and BiF (4)). Recently, the spin -spin splittings of the 3 S 0 ground
EXPERIMENTAL DETAILS
states of the bismuth halides have been determined from observation of the X 2 1 r X 1 0 / fine-structure transition in the near-infrared region (5). Alekseyev et al. have per-
The experimental setup and procedures applied in formed detailed ab initio SCF-CI studies of the electronic chemiluminescence studies in fast-flow systems have been and vibrational energies of BiH (6), BiF (7), and BiI (8), described in a previous work (5), so only a short descripand of the transition probabilities for transitions between tion is given here. The flow system was made of Pyrex the low-lying electronic states. An interesting result of glass and consisted of a tube, 100 cm long and 4 cm in their work was the prediction of rather large transition diameter, with quartz windows at both ends and equipped probabilities for the transitions from the hitherto unknown with a pumping port and two side arms for gas inlet. In low-lying a 1 D(a2) states to the upper components of the one side arm, argon carrier gas was passed over bismuth 3 S 0 ground states X 2 1 of BiH and BiI. According to the metal heated in a quartz tube to above its melting point theoretical results, the a2 r X 2 1 transition of BiI should (É1000 K). The halide molecules mixed with Ar carrier present itself in the near-infrared region near 1.6 mm with gas were added to the Bi x /Ar flow about 20 cm upstream a transition probability of 160 sec 01 . Due to the similar the inlet of the observation tube. Metastable oxygen moleshapes and equilibrium internuclear distances of the two cules, O 2 (a 1 D g ), were generated in the second inlet system potential curves, the transition is expected to consist by passing O 2 through a microwave discharge. They mainly of a D£ Å 0 sequence. served as energy carriers and were used to excite the BiX These predictions prompted us to search for the a2 r X 2 1 molecules to their X 2 1 and a2 states by electronic-to-elecemission spectra of the bismuth halides in the chemilumines-tronic energy exchange and energy pooling processes. The cence systems previously used to study the fine-structure transi-system was pumped with a 500 m 3 hr 01 roots pump in tions of these molecules (5). The chemiluminescence was stud-series with a 30 m 3 (10) . In the spectra of BiCl, BiBr, glass tube was focused onto the entrance diaphragm of a and BiI, new band series are observed near 5080, 4950, Bruker IFS 120 HR Fourier-transform spectrometer. Spectra and 4690 cm 01 , respectively, which are identified to be were recorded in the region 3000-10 000 cm 01 using liquidthe D£ Å 0 sequences of the a2 r X 2 1 transitions of these nitrogen-cooled germanium (Applied Detector Corp. Model molecules. Figures 2 -5 show expanded plots of the X 2 1 403 S) and InSb (Cincinnati Electronics Corp. Model IDH r X 1 0 / band sequences with vibrational assignments for 100) detectors. All gases and chemicals were research grade BiF, Bi 35 Cl, Bi 79 Br, and BiI. For all molecules, the bands and were used without further purification. The wavenumber are degraded to the violet and show sharp heads in the P scale of the spectrometer was calibrated by use of Ne I or Ar branches. In the spectra of BiCl and BiBr, bands of the I reference lines (9) . In the medium-resolution measurements isotopes Bi 37 Cl and Bi 81 Br likewise are observed in the reported here, the precision of the measured wavenumbers sequences with D£ x 0. The wavenumbers of the bandis on the order of 0.1 cm 01 . heads are collected in Table 1 . For BiF, accurate spectroscopic constants of the X 1 and X 2 states have been deduced
RESULTS AND ANALYSES
from rotational analyses of high-resolution spectra (5, 11) . The bandhead data of the latter three molecules were fitted Figure 1 shows sections of overview spectra measured to the standard anharmonic oscillator expression (12) with at a resolution of 0.5 cm 01 with the InSb detector using standard deviations of 0.1, 0.08, and 0.05 cm 01 . The spectroscopic constants obtained are given in Table 2. 1.3-or 1.4-mm-long-pass filters. The most prominent fea-the X 2 r X 1 bands. The spectroscopic constants of the a2 states are given in Table 2 and the band wavenumbers and the observed 0 calculated differences are given in Table 3 .
DISCUSSION
The spectroscopic constants of the X 1 0 / and X 2 1 states of Bi 35 Cl, Bi 79 Br, and BiI now are based on a somewhat larger number of measurements than in our previous work (5) . The wavenumbers of the bandheads and the deduced parameters agree, within the error limits, with the previous results. For BiF no new fit of the bandhead data was performed since previous work has shown that the vibrational constants deduced from such a fit are substantially Figures 6 -8 show expanded plots of the D£ Å 0 sequences of the a2 r X 2 1 transitions of BiCl, BiBr, and BiI. In all molecules, the bands consist of very narrow strong Q branches and much weaker broad R and P branches. Searches for the D£ Å /1 and 01 sequences of the transitions showed that the 0 -1, 1 -0, and 1 -2 bands are at least by factors of 50 weaker than the corresponding 0 -0 and 1 -1 bands. For BiF the a2 state is known from analysis of uv spectra (4). The origin of the 0 -0 band of the a2 r X 2 1 system is calculated to lie at 5320.6 cm 01 , i.e., between the heads of the 1 -4 and 2 -5 bands in the D£ Å 03 sequence of the X 2 r X 1 system. No emission is observed at this wavenumber (Fig. 2) . The wavenumbers of the Q branches of the D£ Å 0 bands of the a2 r X 2 1 transitions of BiCl, BiBr, and BiI were fitted to the anharmonic oscillator formula using for the what smaller than the average value of 0.55 found for lighter group VI -VI and group V -VII molecules (2) . The T e value of the a2 state of BiI is 1461 cm 01 lower than the result of the ab initio calculation of Alekseyev et al. (8) . The v e values of the X 2 states are by 3 -6% larger than those of the X 1 and only 1 -1.5% larger than those of the a2 states. The latter result shows that the potential curves of the X 2 and a2 states have nearly identical shapes. The narrow width of the Q branches (half-width É0.19 cm 01 (BiCl), 0.24 cm 01 (BiBr), 1.0 cm 01 (BiI)) shows that B -BЉ is very small for the a r X 2 transitions, i.e., that the a2 and X 2 1 potentials likewise have nearly the same r e values. As a result, the Franck -Condon overlap integrals are expected to be large for the D£ Å 0 bands and much weaker for all bands with D£ x 0. This explains the failure of finding D£ Å {1 bands in the spectra. different from the data obtained from the analysis of band origins (5, 11) . The present work has yielded first spectroscopic data for the low-lying metastable a2 states of BiCl, BiBr, and BiI. Since the constants of the a2 state of BiF recently have been determined from analysis of uv spectra (4), the a2 state now is known for all four bismuth halides. The constants of the X 1 0 / , X 2 1, a2, and b0 / states of the bismuth halides are collected in Table 2 . The electronic energies and the vibrational frequencies clearly show some systematic trends. The T e values of the X 2 1, a2, and b0 nearly the same for all molecules. The latter ratio is someCopyright ᭧ 1996 by Academic Press, Inc. (BiI) (13) . For BiI, the experimental value agrees with the result of the ab initio calculation (8) . Assuming then that the theoretically predicted transition probability for the a2 r X 2 1 transition of BiI (164 sec 01 ) is right, from the relative intensities of the a r X 2 and X 2 r X 1 bands, the ratio of populations in the a2 and X 2 1 states of BiI is estimated to be around 0.05. Assuming the population ratios were similar for the other bismuth halides, then for BiF, with the theoretical transition probabilities given in (7), the ratio of intensities of the a r X 2 and X 2 r X 1 bands is calculated to be £10 03 , which explains the failure a2 states are too low by 8 -17 cm 01 and do not show the right relative order (8) .
Excitation of the X 2 1 and a2 states of the bismuth halides most likely proceeds by the exothermic energy transfer and energy pooling processes,
The D£ Å 0 sequence of the a2 r X 2 1 transition of BiBr with vibrational assignments. The resolution is 0.1 cm
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